1. Introduction {#s0005}
===============

Nowadays vaccination is considered the most economical strategy for handling various diseases, such as microbial infections, autoimmune relevant disorders, and even certain types of cancer \[[@bb0005]\]. Annually, millions of human lives are saved from lethal infections as a result of prompt immunization with vaccines, which are also playing roles in conquering other life-threatening diseases such as autoimmune disorders, allergic reactions. Notably, in the past years, some refractory cancers are also included in the scope of vaccination targets as they are subject to immunotherapy, which achieves great therapeutic effects in certain patients, thanks to advances made in immunology, biotechnology and relevant fields \[[@bb0010]\]. However, today there is still a long list of infections in urgent need of effective vaccines, which unfortunately, may not exist yet in at least a foreseeable future. The reason is that many microbial pathogens, such as HIV (human immunodeficiency virus), HCV (hepatitis C virus) and HSV (herpes simplex virus), are showing an elusive or ever-changing immunogenic feature on their appearance to continuously challenge the currently available vaccine strategies while dismantling a variety of potential arsenals. Meanwhile, some pathogens, such as Ebola virus and SARS virus (severe acute respiratory syndrome virus), may emerge abruptly in an uncertain place to make a ravage in people and then disappear before an effective strategy having been drawn up for the trial of battling them, leaving even no trace as a hint for developing an efficacious product able to tame them \[[@bb0015],[@bb0020]\]. Nevertheless, the past few decades have witnessed a range of lethal infectious pathogens, such as smallpox, HPV, HBV and VZV (varicella zoster virus), that have been, or nearly, conquered by the newly developed medications including, especially, vaccines \[[@bb0025],[@bb0030]\]. In particular, in the past few years immunotherapy has been established as a promising strategy in treating some refractory diseases, including certain lethal cancers, inherited disease, anaphylaxis, and disorders of autoimmunity, such as rheumatoid arthritis, multiple sclerosis and lupus, which, though are still torturing numerous patients, also wane in intensity and mortality due to the kind of vaccination treatment \[[@bb0035]\].

Vaccination as well as immunotherapy acts to battle diseases through making use of host immune system, which can be activated by the antigenic components (called antigens) of disease-causing subjects (called pathogens) to set up immunity capable of erasing the pathogens bearing the identical antigens (Ags). These processes involved in immunity establishment present the principle for developing vaccines, which however can be made with different formulations and display diverse dosage forms. Conventional vaccines are made of whole microbes that have been inactivated or attenuated and usually possess a potent power to induce the Ag-specific immunoresponses in hosts, but they are also linked to safety issues resulted mainly from reversion of administered strain to virulent mutants, as supported by the outcomes of gene sequencing in the vaccinated sufferers \[[@bb0040]\]. Notably, in the past decades, great achievements in immunology, cell biology, as well as bioengineering technology allow rapid identification and purification of novel Ags. The refined Ags are capable of being formulated with definitive ingredients to constitute subunit vaccines that can elicit the immunity to accurately target the highly matched objects while maintaining an excellent safety profile. Thus, subunit vaccines are now more and more employed to fight various diseases, including not only infections but also intractable autoimmunity and malicious cancer \[[@bb0045]\]. Compared to classical vaccines, subunit vaccines possess many distinct benefits, such as high safety, needing no dangerous microorganisms in production; very few redundant components relevant to reactogenicity; diverse therapy scope including infections, autoimmunity and cancer; feasibility of engaging several peptide epitopes in one product targeting different subtypes or life cycle stages of a pathogen \[[@bb0050]\]. However, subunit vaccines just made of highly purified Ags are often showing poor immunogenicity and therefore can hardly induce effective immunoresponses in the absence of an adjuvant, a substance that, when included in the formulation, enables a vaccine to efficiently elicit the Ag-specific immunity with a high level and long duration ensuring a reliable anti-Ag protection \[[@bb0055]\]. Moreover, subunit vaccines lack most microbial constituents including, especially, those that are in fact the adjuvanticity-bearing substances conservatively displayed on microbe surfaces while manifesting certain distinctive structural features, defined as the pathogen/damage/danger-associated molecular patterns (PAMPs/DAMPs). PAMPs or DAMPs can strongly activate the innate immunoresponses through binding to and stimulate the corresponding pattern recognition receptors (PRRs), including mainly TLRs (Toll-like receptors), CLRs (C-type lectin receptors), RLRs (retinoic-acid-inducible gene-I-like receptor), NLRs (The nucleotide-binding oligomerization domain-like receptors), and the newly identified cGAS (cGMP-AMP synthase, a cytosolic DNA sensor \[[@bb0060]\]). PRRs are, in response to detection of pathogenic microbes, evolutionarily expressed by immune cells, especially, the professional APCs (antigen presentation cells), including mainly DCs (dendritic cells) and MPs (macrophages). As such, due to lack of PAMPs/DAMPs subunit vaccines usually have a low capacity in activating the innate immune system, which is a precursor and sponsor responsible for initiating the adaptive immune system for setting up the anti-Ag immunity. Therefore, to conquer this drawback, subunit vaccines are often additionally combined with an adjuvant or incorporated in a carrier to enhance their immunostimulatory effects \[[@bb0065]\]. Notably, at present subunit vaccines are frequently constituted with various nanocarriers, such as liposomes, emulsions, cochleates, VLPs (virus-like particles), polymeric and inorganic nanoparticles (NPs), which can be further incorporated diversely with adjuvants or the adjuvanticity-bearing substances, such as different PRRas (PRR agonists), squalene, saponin as well as insoluble aluminium salts (alums), thus forming a vaccine adjuvant-delivery system (VADS) to enhance efficacy \[[@bb0070], [@bb0075], [@bb0080], [@bb0085], [@bb0090]\]. In fact, in as early as 1926, significant enhancement of efficacy of subunit vaccines, such as the one composed of diphtheria toxoid, was successfully achieved by Glenny and colleagues through precipitation of the Ag onto alum, which has ever since been widely adopted as an efficient strategy to improve vaccine effectiveness. As a result, alum has been employed as a classical VADS to produce various types of vaccines for clinical prophylaxis of a range of pathogens and today is still given to millions of people each year \[[@bb0095]\].

Actually, a VADS constructed with a nanocarrier proves able to fulfil multiple functions, including protecting Ags from premature degradation, maintaining ingredients with prolonged release, targeting of cargos to professional APCs, and boosting vaccines in immunostimulatory effects, thus making full use of bioactive agents to save dose. Among different categories of nanocarriers, liposomes since their discovery in 1960s \[[@bb0100]\] have fervently been exploited for constructing a DDS (drug delivery systems) or VADS owing to their many advantages, such as excellent biocompatibility, diverse loading mode, big loading capacity, easy preparation and surface modification to generate desired functions \[[@bb0105],[@bb0110]\]. Also, as a VADS, liposomes are suitable for making the vaccines that are adaptive to various administration routes, such as intramuscular and subcutaneous injection, oral uptake, intranasal and other topical ways \[[@bb0115]\]. Moreover, liposomes have long been confirmed of the intrinsic adjuvanticities and, unlike other adjuvants, have showed minimal reactogenicity, therefore rarely causing hypersensitivity-associated reactions in immunized subjects \[[@bb0120], [@bb0125], [@bb0130]\]. In addition, it is argued that liposomes can always play well the role of an adjuvant regardless of the Ag loading mode of being entrapped within, attached onto, or even simply admixed with the vesicles, thus greatly simplifying the product manufacturing procedure owing to omitting a tedious step of removing free Ags \[[@bb0135],[@bb0140]\]. Also, liposomes have been extensively explored to be combined with a variety of functional molecules, such as the ones bearing a PAMP/DAMP feature able to binding to certain PRRs, and the ones matching the receptors expressed on APCs to facilitate APC uptake of vaccines \[[@bb0080],[@bb0085],[@bb0145], [@bb0150], [@bb0155]\]. Notably, after decades of development, several type of liposomes designed as a VADS have already been successfully employed to make vaccines that have been approved for clinical immunization against different infections, including even those that are caused by the most intractable pathogens, such as malaria and shingles \[[@bb0025]\].

This review paper describes the knowledge of significance on liposomes used as a VADS, including principles on immunization and design of a liposome VADS, features and properties of liposomes that are beneficial for constructing a VADS, the state-of-the-art advances in liposome VADS, and also the approved vaccines manufactured with the most advanced liposome technology, to present a comprehensive reference on liposome vaccines.

2. Principles underlying vaccine prophylaxis of infectious diseases {#s0010}
===================================================================

The modern vaccine concept had been gradually established since the late eighteenth century when Edward Jenner took pus from the hands of milkmaids with cowpox and scratched it into the arm of some recipients, who were thus successfully protected from smallpox infection \[[@bb0005],[@bb0160]\]. By doing so, Jenner preliminarily laid the primary principle for developing modern vaccines, which contain antigens (Ags) and after administration will trigger host immune system to set up a defensive network against the Ag-exhibiting pathogens. The supportive basis under establishing this defence lies in that in vertebrates and higher organisms including human beings, the complex immune system is well formed by long time survival evolution under pressure from pathogens and thus, consisting of several orders of differentiated structures and compositions, including lymphoid organs and tissues, diverse immune cells, and various chemokines and cytokines, which orchestrate to engender protective immunity \[[@bb0165]\].

In the case of dangerous signal stimulation sparked by vaccines or pathogens, the immune system will function through motivating its components to act together under influences from each other and to form throughout the body a solid defence against pathogens. As one of the main defensive components, the immune system possesses the abilities to discern, from numerous contacting subjects, the abnormal pathogens as a detrimental factor to the body through interacting with the subjects\' surface structures. These structures on pathogens are usually composed of glycoproteins and may show, depending on the type of species, certain unique conserved features falling just within the range of "antigens" or "PAMPs/DAMPs", which are evolutionarily "defined" by the host immune system as a result of the long term fights repeatedly occurred between the opposite sides of host and pathogens. Gradually, the immune system builds up the power of defence against the detrimental invaders, including various infectious microorganisms such as bacteria, viruses, fungi and parasites, and even cancerous neoplasms arising from the body itself \[[@bb0160],[@bb0170]\].

Typically, when Ags carried by a vaccine/pathogen enter a vertebrate host for the first time via the (breached) skin or mucosal barrier \[[@bb0175]\], they will be immediately recognized and internalized by tissue-resident APCs ([Fig. 1](#f0005){ref-type="fig"} ), mainly DCs and MPs, but also Langerhans cells (a unique type of MPs inhabiting in the stratified squamous epithelium of skin and various type 2 mucosal tissues, i.e., the stratified epithelium-covered mucosa, and displaying a remarkable mixture of properties of MPs, e.g., self-maintain locally, and DCs, e.g., homeostatically migrate to draining lymph nodes and present Ags to T lymphocytes) \[[@bb0180]\]. Also, a fraction of the Ags (with the vaccine/pathogen) may traffic directly into draining lymph nodes (dLNs) wherein to be captured and endocytosed by the within APCs, including DCs, MPs and follicular B cells (FBCs). Then, the internalized Ags will be processed by APCs into smaller pieces including the epitopes (the antigenic determinants) that will be loaded onto MHC (major histocompatibility complex) molecules and then together displayed on cell surface for presentation to T lymphocytes which takes place within dLNs ([Fig. 1](#f0005){ref-type="fig"}). In the case of direct blood entrance caused by, e.g., injection vaccination, blood infusion contamination, external bleeding and insect bite, Ags are then rapidly filtered and captured by splenic APCs, also including mainly MPs, DCs and FBCs. Spleen has the anatomical organization of white pulp resembling that of the LNs, particularly with regard to the specialized compartments for B cell and T cell populations. As such, spleen and numerous LNs together present the main arenas where the innate and adaptive immunoresponses proceed to establish the anti-Ag immunity \[[@bb0185]\].Fig. 1Schematic description of the process for establishing the humoral and cellular immunity triggered by a pathogen (or vaccine). Abbreviations: APC, antigen presentation cell; DC, dendritic cell; FDC, follicular dendritic cell; CTL, cytotoxic T lymphocyte; TCR, T cell receptor; BCR, B cell receptor; Th0, naïve CD4+ T cell; Th1, type 1 helper T cell; Th2, type 2 helper T cell; PBC, plasma B cell; LPBC, long-lived plasma B cell.Fig. 1

After Ag uptake, peripheral APCs, mainly DCs but also Langerhans cells, will be activated while they are migrating to the dLNs and processing the endocytosed cargoes into fragments including the Ag epitopes, which subsequently bind to either MHC-I, for endogenous Ags, e.g., derived from cellular wastes or viral proteins, or MHC-II molecules, for exogenous Ags, e.g., delivered by vaccines, and then displayed on APC surface in the form MHC-I/II-Ag epitope ([Fig. 1](#f0005){ref-type="fig"}). Then in the dLN/spleen, the MHC-II-Ag epitopes displayed on APCs will interact with diverse TCRs (T cell receptors) of CD4+ T cells, which thus are stimulated to differentiate mainly, depending on cytokines, into either Th1 cells (type 1 T helper cells), usually under co-stimulation by IL-12, or Th2 cells, usually under co-stimulation by IL-2 and IL-4, to secrete a collection of cytokines for further triggering two downstream responses.

One downstream contributes to the cellular responses, whereby, the APC MHC-I-Ag epitopes bind to TCRs of CD8+ T cells, which, under additional co-stimulation of, usually, IL-12 and IFN-γ secreted mainly by activated Th1 cells, will turn into via differentiation the Ag-specific CTLs (cytotoxic T lymphocytes) and memory CTLs (MCTLs) ([Fig. 1](#f0005){ref-type="fig"}) \[[@bb0190]\]. Both CTLs may migrate to circulation system and peripheral tissues and are able to recognize and bind via TCRs to the identical MHC-I-Ag epitopes presented on the encountered pathogen-hidden or diseased cells. The problematic cells targeted by CTLs are then induced to undergo a series of intracellular caspase cascade followed by apoptosis or lysis due to receiving the cytokines or chemicals such as perforin, granzyme, cytotoxin and granulysin secreted by the bound CTLs, leading to dumping of the pathogens for full eradication. MCTLs are responsible for providing the long-term protection to host, since they can survive for long time to lyse the emerging infected cells displaying MHC-I-Ag-epitopes identical to the initial triggers, thus erasing the relevant pathogens ([Fig. 1](#f0005){ref-type="fig"}).

The other downstream accounts for the T (thymus)-dependent humoral responses, whereby in vivo Ags are partially taken up by APCs which then present MHC-II-Ag-epitope and thus induce production of Th2 cells. Meanwhile, partial Ags are to traffic to dLNs wherein they may be captured by LN-resident DCs and MPs either for surface presentation to activate T cells or for transition to FDCs (follicular DCs). FDCs are able to retain Ags for long time in a non-degradative form for periodical display, allowing the Ags to bind to the highly diverse BCRs (B cell receptors). Otherwise, the Ags that have arrived in dLNs may directly enter the follicles where they will directly bind to BCRs (known as signal 1). Subsequently, the BCR-Ags are endocytosed and processed by follicular B cells (FBCs) for presentation as the MHC-II-Ag-epitopes, which, at the border of the T-cell zones and B cell follicles in LNs, are recognized and bound by TCRs of the differentiated Th2 cells (a process known as cognate T-B cell cooperation, signal 2). Meanwhile CD40 on B cells is bound for co-stimulation by CD40L (CD40 ligand) on the differentiated Th2 cells, which are thus fully activated to secrete cytokines (signal 3) such as IL-4, −5 and − 10, triggering B cells to seed in germinal centers, differentiate and proliferate into plasma cells (including short-lived and long-lived plasma cells) as well as memory B cells (MBCs) \[[@bb0195]\]. Plasma cells are producing the Ag-specific Abs which are able to neutralize the pathogenetic subjects into non-infectious organisms prior to their settlement in the host ([Fig. 1](#f0005){ref-type="fig"}) \[[@bb0200]\]. Notably, long-term production of Abs may be maintained by a combination of the short-lived plasma cells, which usually have a life of 3--5 days, and the long-lived plasma cells (PC), which acquire the long-living property through migrating to survival niches within the bone marrow ([Fig. 1](#f0005){ref-type="fig"}), wherein they receive survival factors such as APRIL (a proliferation-inducing ligand) and IL-6 and thus may exist even for the life-time of hosts depending partially on the stimulatory Ags. Alternatively, high levels of Abs may be rapidly produced as a result of prompt proliferation and differentiation of MBCs into the short-lived plasma cells upon re-encountering the identical Ags, which are usually carried by pathogens ([Fig. 1](#f0005){ref-type="fig"}) \[[@bb0205]\].

Notably, certain types of Ags bearing multiple repeating epitopes, such as some bacterial cell wall polysaccharides, glycolipids and nucleic acids, can bind, in multiple number, to and mediate BCRs first to undergo clustering and then to act as signal 2 to directly activate B cells. As such, B cells are induced, independent of T cells, to differentiate into plasma cells (the process known as T-independent B cell activation), but not memory B cells, to produce Abs of low affinity, mainly IgM or immunosuppressive sialylated IgG, which may not favour the anti-pathogen immunity \[[@bb0210]\].

Generally, the T-dependent process is able to imprint immune system with Ag features to establish the immune memory, which is marked by forming the long-lived memory T cells (including CD4+ and CD8+ MTCs) \[[@bb0190],[@bb0215]\], possibly, derived from their effector counterparts \[[@bb0220]\], and long-lived memory B cells in LNs, spleen and peripheral tissues \[[@bb0225]\]. The generated immune memory is thought the most important consequence of vaccination as it enables the pathogen-experienced hosts to possess the ability of rapidly initiating responses to the encountered pathogens bearing identical Ags, thus engendering prompt immunity to remove invaders \[[@bb0160]\]. Acquiring the competence after experience by host immune system in defeating pathogens annotates the basic concept of immunity and the main principles underlying vaccination, of which a deep understanding will undoubtedly accelerate the development of novel vaccines as well as a VADS to cope with the aggressive pathogens \[[@bb0160]\]. However, at present, though it is thought that vaccine or VADS design should aim at stimulating a robust response to generate a substantial number of effector cells, from which memory cell populations might be expected to arise, the best condition that can efficiently promote formation of memory immune cells remains still to be fully defined \[[@bb0220]\].

3. Classical vaccines and adjuvants {#s0015}
===================================

Early vaccines were developed only for defending against the pathogenic infections and, thus, simply made of whole organisms that were inactivated or attenuated to reduce their inherent virulence and pathogenicity, while maintaining still the ability to activate the host immune system after administration to establish efficacious immunity against the matched microbes \[[@bb0230]\]. Usually, the live attenuated pathogen-based vaccines possess the capability to elicit robust and long-lasting immunity in recipients, however, they also have the potential to cause detrimental infections in recipients, as a result of occurrence of the unpredictable mutation in the engineered organisms. For example, in recent years, immunization of oral polio vaccines consisting of the live attenuated polioviruses was astonishingly found by gene sequencing to be the cause for several pandemics of polio, due to the reversion of the vaccine strains to the neurovirulent and transmissible state of wild polioviruses \[[@bb0235]\]. By comparison, the vaccines made of inactivated microorganisms are relatively safe, but they stimulate rather weak and even target-deviated immunoresponses, as a result of both the inactivation process, which may alter the sequence of authentic Ags, and the comprehensive components, which are likely to induce the irrelevant immunoresponses and even trigger unwanted inflammations due to existence of reactogenicity \[[@bb0240]\].

To overcome the weakness of the whole microbe-based products, at present vaccines are often formulated using purified Ags and the auxiliary ingredients, including the so-called adjuvants, which can markedly enhance the potency of vaccines by triggering the innate immunoresponses. The most frequently included adjuvant in human vaccines is alum (aluminium salt), which was first used as a vaccine adjuvant in the early 1920s by Glenny and colleagues, and is now still widely used in various vaccines against numerous infections, contributing greatly to human health \[[@bb0245],[@bb0250]\]. Though alum in vaccines may cause stimulatory inflammations giving rise to certain adverse effects after administration, it has in general the acceptable safety profile and possesses the abilities to enhance the efficacy of many vaccines against the corresponding pathogens. In fact, the mechanisms underlying the adjuvant actions that are not relevant to PRR stimulation remain mostly still an elusive secrete, full unveiling of which will, undoubtedly, pave the way to discovering novel adjuvants. At present, it is thought that a vaccine adjuvant, e.g., alum, may act by a combination of various mechanisms, such as forming depot, recruiting immune cells, enhancing Ag uptake and presentation, inducing production of cytokines and chemokines, and promoting Ag and APC traffic to dLNs \[[@bb0255]\]. By and large, an adjuvant improves the immunoresponses, in some cases, as a result of: (1) recruiting immune cells such as DCs, MPs and neutrophils to vaccination site; (2) facilitating APC uptake of Ags; and (3) activating innate immune cells such as neutrophils, natural killer cells (NKCs), and especially, professional APCs (mainly DCs and MPs) ([Fig. 2](#f0010){ref-type="fig"} ). These aspects promote not only the release of a specific myriad of cytokines and chemokines promoting generation of specialized T lymphocyte subsets such as Th1 and Th2 cells, but also the presentation of Ags in MHC-I and/or -II mode, resulting in enhanced humoral and/or cellular immunity against pathogens ([Fig. 2](#f0010){ref-type="fig"}) \[[@bb0260]\]. Also, it is argued that a classical adjuvant exerts only the short-lived effects on the adaptive immunoresponses, which may arise from the influence of a specific collection of cytokines and chemokines released by immunocytes under stimulation of the adjuvant-activated APCs with just a short life.Fig. 2The immunoresponses induced by immunization with vaccines in the presence or absence of an adjuvant.Fig. 2

4. Subunit vaccines delivered by liposomes {#s0020}
==========================================

The safety concern on conventional vaccines promotes scientists to develop novel subunit vaccines that are not based on a whole microorganism but its antigenic parts, such as proteins, DNA, RNA, and the synthetic carrier-vectored Ags \[[@bb0265]\]. However, lack of other components of a pathogen, which may not only play a role in protection of antigens but also act as a type of PAMP/DAMP, often makes subunit vaccines vulnerable to environmental damages and ineffective in triggering immunoresponses toward Ags \[[@bb0270],[@bb0275]\]. To enhance the potency of subunit vaccines, researchers have developed various types of particulate carriers, such as liposomes, cochleates, virosomes, emulsions, lipid and polymeric NPs, some of which are constructed in just the manner of mimicking the structure of pathogenic organisms to carry, protect and deliver vaccines, thus promoting their immunostimulatory activities \[[@bb0070],[@bb0085],[@bb0145],[@bb0265],[@bb0280]\]. Also, these particulate carriers are often additionally incorporated with functional molecules, such as TLRas (toll-like receptor agonists/ligands), CLRas (C-type lectin receptor agonist/ligands), NLRas (NOD-like receptor agonists/ligands), saponin and squalene and their derivatives, and various environmental stimulus-sensitive molecules, to further expand their functions \[[@bb0285],[@bb0290]\]. As such, these carriers can play roles of not only an adjuvant in boosting immunostimulatory effects, but also of a delivery vehicle for targeting immunocytes as well as for the sustained or signal-triggered release, engendering a multifunctional vaccine adjuvant-delivery system (VADS) \[[@bb0070], [@bb0075], [@bb0080], [@bb0085], [@bb0090],[@bb0140],[@bb0150],[@bb0295], [@bb0300], [@bb0305]\]. The best illumination of this concept of VADS may perhaps be presented by citing the FDA (Food and Drug Administration of USA) approved novel adjuvant entities, such as nanoemulsion/squalene-based MF59, liposome/TLR4a-based AS01, liposome/TLR4a/saponin-based AS01b, and aluminium aggregate/TLR4a-based AS04, which are used in several vaccines serving as both an adjuvant and a vehicle for delivering bioactive ingredients \[[@bb0025],[@bb0310]\].

In developing vaccines, a suitable adjuvant plays a crucial role in enhancing immunostimulatory effects and may well be combined with Ags in an appropriate formulation or carrier. The thus formulated vaccines had better be feasible for large-scale manufacture and be able to deliver the components to APCs, which are ignited to launch a wave of first innate and subsequent adaptive immunoresponses with the magnitude, quality, breadth as well as persistence that are sufficient for establishing the efficacious anti-pathogen immunity. Therefore, a successful vaccine may consist of three key components: effective Ag, robust adjuvant, and efficient formulation or carrier that is able to deliver ingredients to APCs, even intracellular organelles, or at least the appropriate sites such as LNs and mucosa \[[@bb0315]\]. Whilst vaccine carriers are developed with various micro/nano-particles, different types of liposomes (such as conventional liposomes \[[@bb0135]\], the inter-bilayer cross-linked multilamellar vesicles (ICMVs) \[[@bb0320]\] and solid core liposomes \[[@bb0075]\]) with each bearing unique structures and properties, prominently represent a suitable VADS \[[@bb0080]\].

4.1. Basics of liposomes: discovery and characteristics {#s0025}
-------------------------------------------------------

Liposomes are the phospholipid bilayer-enclosed spheres formed via self-assembly in water under a driving force of hydrophobicity. Liposomes were first discovered in the early 1960s by Bangham et al using an electron microscope, and later coined the name "liposome" by Sessa and Weissmann in 1968 \[[@bb0100],[@bb0325]\]. Liposomes have such a unique architecture that is confined, as proposed by Israelachvili and Mitchell in middle 1970s, by the molecular shape of amphiphilic phospholipids which just have a critical packing parameter (CPP) in the range of from 1/2 to 1. CPP was defined as the equation of *CPP = v/a* ~*o*~ *l* ~*c*~, where *v*, *l* ~*c*~ and *a* ~*o*~ are, respectively, the volume and length of the lipophilic chain, and the cross-section area of the hydrophilic core of the phospholipid expressed per molecule in the aggregates \[[@bb0330]\]. And the amphiphilic molecules with a CPP value falling out of the range will assemble into other shapes \[[@bb0335]\], as shown in [Fig. 3](#f0015){ref-type="fig"} .Fig. 3Molecular shape and critical packing parameter (CPP) of amphiphilic molecules, and the self-assembly entities formed of different amphiphiles (*v*, the lipophilic chain volume; *a*~*o*~, the cross-section area of hydrophilic head group, *l*~*c*~, the length of lipophilic chain).Fig. 3

Generally, liposomes may be made of different types of amphiphilic phospholipids, such as PC (phosphatidylcholine), PS (phosphatidylserine) and SM (sphingomyelin), which may also be combined with other lipids, such as CHO (cholesterol) for membrane stabilization, and the negatively or positively charged lipids to modulate liposome structure and surface properties, thus forming a suitable carrier to be used as a DDS (drug delivery system) or a VADS. Some of the materials that are most frequently used for preparation of liposomes are shown with molecular structure in [Fig. 4](#f0020){ref-type="fig"} .Fig. 4Molecular structure of some of the lipids that are frequently used for constructing liposomes.Fig. 4

Notably, at ambient temperature, liposomes will display their bilayer membranes in a "fluid" or "rigid" fluidity state, which is determined by the phospholipid category and its hydrocarbon chain length (usually longer than 12C) as well as saturation ([Fig. 5](#f0025){ref-type="fig"} ). These parameters together with the location of unsaturated carbon bond remarkably influence the van de Waals force, and other the interactions, among adjacent chains of phospholipids thus governing membranes to manifest the corresponding fluidity. As such, liposomes with membranes consisting of just a type of phospholipids will show a specific gel to liquid crystalline phase transition temperature (T~c~), which, however, may be blurred when a mixture of lipids, such as egg PC, soy PC, or combined with CHO, is used. Thus, when liposomes are made of a phospholipid with T~c~ above or below the ambient temperature, their membranes will correspondingly be in the rigid gel or fluid liquid crystalline phase \[[@bb0130]\]. However, when liposomes are made of a phospholipid with T~c~ just equivalent to the ambient temperature, their membranes will manifest a maximal permeability and may abruptly release all loaded cargos, and this phenomenon is sometimes employed to engineer a temperature-sensitive carrier. At room temperature, whilst liposome lipids with long and saturated hydrocarbon chains have a high T~c~ and tend to form rigid ordered bilayer structures which may be in a gel phase, liposome lipids with short and unsaturated chains have a low T~c~ and will generate fluid and disorganised bilayers which may be in a liquid-crystalline phase ([Fig. 5](#f0025){ref-type="fig"}). Interestingly, incorporation of CHO may significantly influence the fluidity of membranes and, at high concentration (CHO/PC \> 1/3 mol), may smear out the gel--liquid crystalline transition phenomenon in liposomes. Particularly, CHO may remarkably decrease permeability of membranes and thus, is often employed for preventing leakage of liposomes, especially, when lyophilization or elevation of temperature for remote drug loading is involved \[[@bb0340],[@bb0345]\].Fig. 5Phospholipid bilayer membrane fluidity of liposomes. When the ambient temperature (T) \< T~c~ of phospholipids, liposome membrane is in the gel phase; when T \> T~c~, liposome membrane in the liquid crystalline phase; while T increases from below T~c~ to above T~c~, liposome membrane changes from the gel to the liquid crystalline phase.Fig. 5

So far as stability is concerned, surface PEGylation (modification with PEG) is another effective way to enhance liposome quality, because it can engender on vesicles a steric stabilization effect. PEGylation not only can prevent liposomes from coagulation and fusion, but also might allow liposomes to avoid being bound by plasma proteins, or to be bound by certain specific types of plasma proteins which recently were surprisingly reported able to enormously prolong NP (nanoparticle) circulation time in vivo \[[@bb0350]\], thus generating the so-called stealth effects on liposomes \[[@bb0355]\]. In addition, liposomes can be enhanced in stability by charging with cationic or anionic lipids to generate a repulsive electrostatic force repelling each other to avoid aggregation. Also, freeze-drying of liposomes in the presence of sugar as lyoprotectant to form a dry cake fixing individual liposomes in a solid matrix provides a feasible strategy to increase product stability as high as enough to meet the clinical application needs \[[@bb0360]\].

Recently, several novel types of liposomes, such as ultradeformable vesicles (Transfersome®) \[[@bb0365]\], the inter-bilayer cross-linked multilamellar vesicles (ICMVs) \[[@bb0320]\], and solid core liposomes \[[@bb0075]\], have been engineered for vaccine delivery. However, they are based on the conventional liposomes, which may be designed to fit well the function of a VADS \[[@bb0135]\], thanks to their distinctive structures classifying liposomes into three basic types. (1) Small unilamellar vesicles (SUVs) with a size \<200 nm or large unilamellar vesicles (LUVs) with a size \<500 nm but \>200 nm, which are spheres with a single phospholipid bilayer and are frequently used as a targeting DDS or VADS. (2) Micro-sized multilamellar vesicles (MLVs), which have numerous concentric phospholipid bilayers and are usually used as a sustained release carrier. (3) Micro-sized multivesicular liposomes (MVLs), which are featured with multiple water-filled cavities separated by continuously connected lipid bilayers and are used as a reservoir for long sustained release ([Fig. 6](#f0030){ref-type="fig"} ) \[[@bb0370]\].Fig. 6Structural features of different types of liposomes.Fig. 6

4.2. Liposome delivery of vaccines {#s0030}
----------------------------------

Since their discovery by Bangham and colleagues in 1965 \[[@bb0100]\], liposomes have always been the research focus of a variety of subjects, such as lipid membrane model, life origin, narcosis mechanism, and, especially, DDS and VADS, due to their unique properties beneficial for delivery of various bioactive agents \[[@bb0105], [@bb0110], [@bb0115]\].

In fact, as early as 1974, liposomes were already confirmed of intrinsic adjuvanticity by Gregoriadis et al who observed potent antibody immunoresponses to the carried Ags such as diphtheria toxoid in vaccinated mice. Meanwhile, the vaccinated mice showed at injection sites no signs of granulomas, a common side effect associated with conventional adjuvants, nor the symptoms of hypersensitivity reaction, after receiving intravenous or intra-foot pad immunization \[[@bb0120], [@bb0125], [@bb0130],[@bb0375]\]. These early investigations paved the way for exploring liposomes as a VADS and were immediately followed by numerous studies, which further revealed that the immunostimulatory activity of liposomes as a VADS is significantly influenced by their physicochemical properties and even vaccination routes \[[@bb0090],[@bb0380],[@bb0385]\].

Now, liposomes have firmly proven a safe and effective VADS with low reactogenicity and able to carry multiple Ags, other adjuvants and/or functional molecules, such as PRRas and even aluminium NPs, to further enhance immune-boosting effects or dictate immunoresponses toward Th1 and/or Th2 pathways for establishing desired immunity \[[@bb0075],[@bb0140],[@bb0390]\].

4.3. Factors influencing the efficacy of liposome VADS {#s0035}
------------------------------------------------------

As a VADS, liposomes can efficiently fulfil the vaccine delivery functions, which, however, are significantly influenced by many of liposome physicochemical attributes, including surface charge, membrane fluidity, size, and even Ag-loading mode (entrapped within or associated on surfaces of vesicles), which have been confirmed capable of altering APC uptake, process and presentation of the Ags delivered by the liposomes \[[@bb0135]\].

### 4.3.1. Surface property {#s0040}

Surface charge will always exert a significant impact on the immunostimulatory function of liposomes, because it is a key factor that not only influences the Ag load and release and liposome stability, but also affects via electrostatic forces the interactions between liposomes and biological components, immunocytes and even intracellular organelles, all of which may be the oppositely/likely charged objects \[[@bb0135]\].

Cationic liposomes are usually made (by additionally incorporating) of lipids with quaternary ammonium head groups that are positively charged in normal physiological conditions ([Fig. 4](#f0020){ref-type="fig"}). This kind of liposomes when injected intravenously into mice may generate the cell-disrupting and haemolysis effects, rendering them reduced practical applications in vessel vaccination \[[@bb0395]\]. By contrast, with local administration, the cationic liposomes may cause tissue damage at the injection site, leading to the release of endogenous materials such as nucleic acids, which may likely act as a DAMP to activate immune cells, forming the basis for the use as a VADS \[[@bb0400]\]. In addition, cationic liposomes can carry via entrapment and/or adsorption the negatively charged Ags, which after administration will not be immediately released due to electrostatic attraction, thus forming a depot effect to recruit APCs. Interestingly, APCs are usually negatively charged and therefore prone to adhesion by cationic liposomes, which thus are subjected to the accelerated cellular phagocytosis, making an enhanced contribution to APC activation via, perhaps, the intracellular FcRγ--Syk--Card9 pathway \[[@bb0405],[@bb0410]\]. For example, the cationic liposomes made of DDA/TDB of 5: 1 (*w*/w) (DDA, dimethyl dioctadecyl-ammonium bromide; TDB, α,α\'-trehalose 6,6′-dibehenate), have been successfully developed as a clinical trial VADS for delivering different Ags, such as tuberculosis (TB) antigen of Ag85B-ESAT-6 and hepatitis B virus (HBV) surface antigen (HBsAg). And the available data demonstrated that the cationic liposomes could safely induce robust cellular and humoral immunoresponses via either subcutaneous (s.c.) or intramuscular (i.m.) vaccination \[[@bb0415]\]. These outcomes strongly suggest cationic liposomes a promising VADS able to effectively deliver vaccines for eliciting the anti-pathogen immunity.

Anionic liposomes are usually made of or modified with lipids ([Fig. 4](#f0020){ref-type="fig"}) that are negatively charged in normal physiological conditions, such as PG (phosphatidylglycerol), PA and PI (phosphatidylinositol) \[[@bb0420]\]. By intuition, anionic surface charge can hardly offer benefits to delivering vaccines to APCs given the anionic nature of the latter, which due to electrostatic repulsion may repel the negatively charged particles from access to cellular uptake. However, a recent study reported that, in the presence of adjuvant GLA (glucopyranosyl lipid adjuvant, a TLR4a), the anionic liposomes made of CHO/DPPC/DPPG were more potent in enhancing Th1 responses in mice than the cationic liposomes made of CHO/DPPC/DPTAP, in the case of delivering *Mycobacterium tuberculosis* (Mtb) Ag of ID93. Moreover, this effect of cationic liposomes was also correlated well with the VADS in protection against Mtb challenge \[[@bb0425]\]. Notably, for mucosal vaccination, the anionic or neutral particles may be an advantageous VADS, because they will not bind to and be trapped in the negatively charged mucus gel layer, thus allowing them to easily approach the follicle-associated epithelia whereby to be endocytosed by M cells \[[@bb0430]\]. Also, in a previous report researchers confirmed in mice that both anionic and neutral NPs showed a higher affinity to the Peyer\'s patches than cationic particles \[[@bb0435]\], suggesting the negatively charged carriers may favour oral and, possibly, other mucosal vaccination.

When designed as a VADS, anionic liposomes are often engineered purposely by incorporation of negatively charged lipids with special functions, such as and lipid A \[[@bb0440]\] and PS (phosphatidylserine) \[[@bb0445]\], which may display special interactions with APCs. Monophosphoryl lipid A (MPLA) is an adjuvant derived by acidic hydrolysis from the highly toxic lipopolysaccharide (LPS), and proves able to safely trigger endosomal TLR4, followed by activation of the downstream TRIF-mediated cascade and the ultimate transcription factors, such as NF-κB, IRF3 and AP1, as such exhibiting immunomodulatory activities beneficial for developing a liposome VADS \[[@bb0450]\]. Moreover, the MPLA-modified liposomes are suitable for delivering a variety of vaccines, among which a few products, such as Mosqurix® against both *Plasmodium falciparum* and HBV, and Shringrix® against shingles virus, have been officially authorized for clinical use. Now, they are confirmed by numerous clinical cases able to efficiently trigger the Th1-biased immunoresponses in humans, resulting in strong cellular immunity against the related pathogens while causing few unacceptable side effects \[[@bb0310],[@bb0385]\].

Notably, among various negatively charged phospholipids, phosphatidylserine (PS) strikingly distinguishes itself from others, since, as a cell membrane component, it is strictly kept by enzyme flippase in the inner layer of normal cell membranes. However, during apoptosis under mediation of scramblase which acts to bidirectionally transport phospholipids in membranes in an ATP-independent manner, PS will flip to the outer leaflet so as to be instantly exposed for recognition through binding to a number of specific PS receptors that are expressed on immune cells, mainly MPs and immature DCs \[[@bb0455]\]. Then, these immune cells are subsequently triggered to devour timely the apoptotic cells leaving them no chance to release noxious materials for inducing deleterious autoimmune reactions \[[@bb0460]\]. Thus, PS in vivo acts in fact as a crucial danger or "eat me" signal to immune cells, mainly APCs, providing, probably, an ideal component that may be incorporated in liposomes to facilitate APC uptake of the carried Ags and sponsoring the downstream immunoresponses. It should be noted that different PS receptors on different immune cells (not only APCs), upon PS ligation, will manifest different functions, including, particularly, the anti-inflammatory and even tolerogenic effects. These effects, on one hand, are in good accommodation to PS role in inducing rapid phagocytic clearance of dying cells in silence to avoid autoimmunity, but, on the other hand, count obviously against establishing the anti-pathogen immunity \[[@bb0465],[@bb0470]\].

For instance, previous work by Hoffmann et al. showed that in mice liposomes made of PS/PC/CHO (3:3:4) specifically inhibited the immunoresponses to the post-delivered Ags in CFA (complete Freund adjuvant), as proved by decreased production of IL-2, IL-4 and IFN-γ by dLN cells, the Ag-specific CD4+ T cells and IgG in blood \[[@bb0475]\]. This inhibitory effect exerted through in vivo activating PS receptors was reversed by administration of the Abs against TGF-β (transforming growth factor-β), which showed an increased expression in PS-treated mice, implying its potential role in mediating the inhibitory function of PS. Moreover, PS-containing liposomes neither directly inhibited DC maturation in vitro in response to different stimuli, nor prevented DC migration to dLNs in vivo, hinting the complicated interactions among various immunocytes involved in the suppressive process sponsored by PS. Recently, Balu-lyer\'s group prepared Factor VIII-loaded liposomes with PS/PC (3:7 mol ratio), which when incubated with DCs in vitro caused increased secretion of TGF-β, and, when immunized to mice, due to PS incorporation, not only lowered the Ag-specific Ab response but also induced the hypo-responsiveness to the Ag re-challenge \[[@bb0480]\]. These outcomes suggest that PS-containing liposomes may function to exert the immune regulatory effects capable of converting an immunogen to a tolerogen, opposing the use as a VADS against pathogens.

However, recent work by Luis et al showed that addition of combinatory PS/GM3 (ganglioside of mono-sialic acid) into the Ag-loaded POPC liposomes remarkably increased the anti-Ag immune reactions in vaccinated mice, though insertion of PS alone into the carrier made a minimal contribution to the enhancement \[[@bb0485]\]. Also, Cauvi et al revealed in murine model that anionic empty PS liposomes triggered peritoneal MPs to have about 4700 genes specifically modified, resulting in changed protein expressions by peritoneal cells, including increased secretion of several chemokines (CXCL1, CXCL2, CSF-2, and CSF-3) and cytokines (TNF-a, IL-6, IL-10). And consequently, massive neutrophil infiltration into the peritoneum succeeded and proved capable of neutralizing a septic polymicrobial insult \[[@bb0490]\]. However, such neutralization of pathogens was also obtained by intraperitoneal administration of PG liposomes, suggesting that these effects might be just caused by the negative charge property of phospholipids, through possibly increasing the absolute value of the negative potential of MP plasma internal membranes. The membrane potential change may ignite the intracellular signalling cascade involved in activating the innate immunoresponses responsible for controlling infections. Obviously, these immunostimulatory effects of empty PS liposomes can hardly be directly translated into an Ag-loaded VADS, which functions well only when both the innate and adaptive immune systems are sufficiently activated.

In contrary to the above negative reports, PS-containing liposomes have also been demonstrated by different researchers able to remarkably enhance the immunostimulatory potential of their delivered Ags and thus are proposed as an effective VADS for making vaccines against pathogens. For instance, Arigita et al recently reported that vaccines delivered by the PS liposomes resulted in an improved Ag uptake by DCs and an increase of the anti-bacterial antibody response compared to those delivered by PG liposomes \[[@bb0495]\]. Cui\'s group also observed that, when simply admixed with model Ags, anionic liposomes prepared with DOPS or DOPA (1,2-dioleoyl-sn-glycero-3-phosphoric acid) showed comparable and even strong adjuvant activities on both humoral and cellular responses and elicited stronger Ag-specific antibody immunity than alum admixed with Ags, compared to DOPG liposomes which showed only a weak adjuvanticity \[[@bb0420]\]. However, other researchers observed that only PS-, but not PA-, containing liposomes with encapsulated Ags were noticed of the ability to enhance the Ag-specific immunoresponses. This was evidenced by the observation that, cocultured with the Ag-specific Th1 clone 42-6A cells in the presence of APCs, PS liposomes triggered the Ag-specific production of IFN-γ. And in mice only co-administration with the Ag-specific Th1 cells plus Ag-loaded PS liposomes could induce secretion of high levels of serum and splenic IFN-γ \[[@bb0500]\]. In another study, PS liposomes were demonstrated capable of promoting APC uptake of their carried Ags, as a result of liposome binding to PS-specific receptors on APCs. This conclusion was reinforced by the work from Chiantia\'s group, which showed that the anti-HIV Env Ab-decorated PS liposomes were bound by HIV VLPs (virus-like particles), which were facilitated, for MP internalization, in a liposome PS-dependent manner \[[@bb0505]\].

Summarily, PS-containing liposomes are reported by different groups to show complicated, even conflicting, immunostimulatory activities. This inconsistency is most likely to arise from the discrepancy in experimental formulations, derived cells and animal models. However, without a strong supportive evidence, it is hard to exclude the data from the false that were possibly resulted from unintentional errors or other issues, since some conflicting results seemed to be obtained from the experiments that were so closely designed. Nevertheless, at present it remains uncertain as to whether the PS liposomes will be further developed as a practical VADS to enhance the immunoresponses against pathogens, or as a clinical strategy to suppress the unwanted immunoresponses toward the administered therapeutic proteins, such as Factor VIII, to elevate their effectiveness.

### 4.3.2. Membrane fluidity {#s0045}

Liposome membrane fluidity, or called liposome flexibility, decreases with the saturation and length of lipids used to construct liposomes, and is also reported to have a complex impact on the activity of liposomal VADS. For example, it was reported that the *Leishmania donovani* antigen-encapsulated liposomes with DSPC (distearyl L-α-phosphatidylcholine Tc of 55 °C) demonstrated improved adjuvant activity and showed \>90% protection to the vaccinated mice that were subjected to a lethal challenge. By contrast, the Ag-loaded liposomes with DPPC (dipalmitoyl L-α-phosphatidylcholine, Tc of 41 °C) or DMPC (dimyristoyl L-α-phosphatidylcholine, Tc of 23 °C) showed little adjuvanticity and even no protection in vaccinated mice challenged with the same type of pathogens \[[@bb0510]\].

The influence of liposome fluidity on VADS function is thought relevant to the interactions between liposome and cell membranes, and the subsequent liposome biodistribution in recipients. For instance, it was demonstrated that rigid liposomes made of DDA (dimethyl dioctadecylammonium, Tc of 47 °C) triggered more robust immune reactions than did fluid liposomes composed of unsaturated DODA (dimethyl dioleoylammonium) \[[@bb0515]\]. Further investigation revealed that the DDA rigid liposomes presented a larger amount of Ags at the injection site, thus attracting more APCs with elevated CD40 and CD86 to engender higher Th1 responses than did the fluid DODA liposomes. Also, DODA liposomes were found to readily release the Ags at the injection site, leading to formation of a population of Ag-positive but adjuvant-negative APCs which were thus less activated. However, an earlier paper reported that the haptenated liposomes made of DOPC (dioleoyl L-α-phosphatidylcholine, Tc of −17 °C) or DSPC (Tc of 55 °C) showed a low immunogenicity than liposomes made of DPPC (Tc of 41 °C) or sphingomyelin (Tc of 30--38 °C), either of which has an intermediate Tc relevant to DPPC and DOPC, suggesting the immunostimulatory activity of liposome may have little direct relevance to their membrane fluidity \[[@bb0520]\].

Inclusion of CHO within liposomes are known able to modulate bilayer membrane fluidity and therefore widely employed in formulating liposomes to elevate the stability of a DDS (drug delivery system) \[[@bb0115]\]. However, in terms of the influence of CHO on the immunostimulatory effect of a liposome VADS, the conclusion is rather elusive. Whilst in some studies inclusion of CHO in liposomes was observed to enhance immunoresponses \[[@bb0520]\], other investigations also demonstrated that liposomes containing CHO with an elevated membrane fluidity showed decreased adjuvant effects \[[@bb0525]\]. Nevertheless, inclusion of CHO seems to have a distinct impact on immunostimulatory activity of a liposomal VADS, although the available investigations reported inconsistent results \[[@bb0525],[@bb0530]\]. Recent work by Jiskoot et al demonstrated that the presence of CHO significantly contributed to the adjuvant effect of the influenza HA (hemagglutinin)-loaded cationic liposomes composed of eDPPC (1,2-diacyl-sn-glycero-3-ethylphosphocholine)/CHO. In comparison to the liposomes containing no CHO, eDPPC/CHO liposomes facilitated HA uptake by DCs in vitro and enhanced anti-HA immunity in mice. However, for cationic liposomes, incorporation of CHO exerted only a moderate impact on immunoresponses triggered by the VADS \[[@bb0535]\]. Luis et al using a HIV-1 gp41 MPER (membrane proximal external region) engrafted with tetanus toxoid (TT) as Ags, and POPC (1-palmitoyl-2-oleoylphosphatidylcholine) as the matrix material, prepared the Ag-loaded liposomes as a VADS against HIV. To enhance efficacy, the liposomes were further incorporated with other lipids, including PS (phosphatidylserine), GM3, or combinatory CHO/SM (sphingomyelin) which are enriched in HIV viral membrane lipid rafts, where MPER is embedded for maintaining peptide conformation \[[@bb0485]\]. In mice, the gp41-TT-loaded POPC liposomes when combined with PS/GM3 or CHO/SM induced significantly increased anti-gp41 immune reactions which was further enhanced by the addition of MPLA. By contrast, insertion of PS or MG3 alone to the gp41-TT-loaded POPC liposomes made no contribution to enhancement of immunoresponses. These outcomes imply that CHO plays roles in a liposome VADS, as embodied not only in constructing a stable VADS but also in maintaining the specific carrier structure for displaying Ags in a distinctive/natural way, thus making an impact on immunization effects.

### 4.3.3. Vesicle size {#s0050}

The size of a carrier plays an important role in defining its specific functions in various applications, as controlling of size in a micro- or nano-scale may render the carrier unique properties entirely different from those of its macroscopic counter parts. Also, the size of liposomes has a significant impact on the immunostimulatory activity of the VADS and may even dictate the immune reactions to proceed toward the Th1- or Th2-biased pathway \[[@bb0135]\]. For example, it is reported that when administered to mice by either subcutaneous injection or oral uptake, smaller lipid vesicles (\< 150 nm) enhanced the development of Th2 response, whereas larger lipid vesicles (\> 200 nm) promoted IFN-γ and typical Th1 response \[[@bb0540],[@bb0545]\]. In mouse model, 24 h after intra-footpad injection, whilst larger VLPs (virus-like particles with a size of 500--2000 nm) were mainly linked to DCs lingering in the injection site, smaller VLPs (20--200 nm) drained rapidly to dLNs wherein they were picked up by the LN-resident immune cells \[[@bb0550]\].

However, previous work by Perrie\'s group unveiled that cationic liposomes (DDA/TDB of 5:1, *w*/w) with different sizes ranging from 200 to 2000 nm showed similar activities in trigging in vitro APC uptake and in vivo Th1 response. These liposomes exhibited a similar slow drainage from the injection site in mice, but a size-dependent movement to popliteal dLNs, wherein large vesicles were detected at a remarkably elevated level in comparison to small vesicles \[[@bb0555]\]. The results suggest that, in contrast to neutral liposomes, cationic liposomes with a large size may tend to from a depot at injection site due to binding to cells or tissue components via electrostatic attraction, and thus be picked up more efficiently by local APCs for trafficking to LNs. The group also found cationic liposomes with a large size (2 μm) triggered high splenocyte proliferation but low IL-10 secretion, while the positively charged vesicles of 500 nm promoted production of IFN-γ from splenocytes and secretion of IL-1β at the injection site favouring Th1 responses \[[@bb0555]\]. When the cationic liposomes were PEGylated, the passive drainage was observed to cause in mouse dLNs an enhanced proportion of smaller, rather than larger, vesicles. And the PEGylated small liposomes exerted lowered depot effects and induced deceased production of IgG2b and IFN-γ but increased IL-5, in comparison to their un-PEGylated counterparts, suggesting PEGylated cationic liposomes with a small size may be in favour of Th2 response \[[@bb0355]\].

A previous investigation was made on intracellular trafficking of Ags delivered by vesicles composed of 1-monopalmitoyl glycerol/CHO/dicetyl phosphate. The results revealed that Ags carried by the vesicles with a large size (560 nm) were delivered into the early endosome-like, immature phagosomes, which are responsible for recruiting the Ag-processing apparatus, leading to efficient Ag presentation. By contrast, soluble or small vesicle (155 nm)-carried Ags rapidly localized to the late endolysosomes wherein they were degraded, leading to a reduced Ag-presentation efficiency \[[@bb0560]\]. Seeing that frequent occurrence of lysosomal degradation of Ags into useless pieces will invalidate vaccination, researchers are focusing efforts on developing liposomes as a multifunctional VADS that is capable of not only delivering Ags into APCs but also rendering the intracellular Ags lysosome escape \[[@bb0140]\]. Lysosome escape proves a feasible strategy allowing Ags to avoid lysosomal degradation and to be processed by immunoproteasomes (specialized proteasomes in immunocytes) within APCs. Cellular immunoproteasomes, owing to their distinct beta subunits of β-1, −2, −5i with special activity, have a low caspase-like proteolytic activity but a high chymotrypsin-like activity, and thus, during antigen process, can contribute to creating small fragments that are more likely to bind to MHC-I molecules for presentation, as such enhancing Th1 responses \[[@bb0565]\].

Overall, liposomes or other particulate vaccines sizing from 20 to 100 nm will preferentially traffic to dLNs, which may be further facilitated by PEGylation of the carriers \[[@bb0265]\]. Particles or molecules smaller than 20 nm may disseminate into tissues and, subsequently, enter the systemic circulation, thus offering little chance for lymphatic uptake. Larger particles (\> 100 nm) are more likely to become trapped in tissues, creating depot effects in the injection site to recruit and be picked up by APCs, which will then mature and travel to dLNs for sponsoring immunoresponses. Obviously, the in vivo traffic trends and immunological activities of liposomes are simultaneously influenced by many physicochemical properties, including not only size but also membrane fluidity, surface charge and PEGylation, all of which are also mutually influenced.

### 4.3.4. Ag-loading mode {#s0055}

In a VADS based on liposomes or other NPs, whilst efficient loading of Ags into the carrier is indispensable for the object-targeted delivery, the loading mode is diverse and has an impact on the release and immunostimulatory activity of Ags. With the lipid bilayer-enclosed structure, liposomes can be loaded with Ags through several modes: adsorption on or linkage by covalent bonds onto surfaces, entrapment in interiors, intercalation between adjacent bilayers (particularly for MLVs or special lipid structures, such as cochleates), and combination of these ways. Recently, Perrie\'s group constructed DDA/TDB cationic liposomes as a VADS and loaded the cationic vesicles with Ags by two modes: adsorption on surface of MLVs and encapsulation within DRVs (dehydration--rehydration vesicles). The researchers showed that Ag location in liposomes did not make a difference in several aspects including vaccine biodistribution, APC recruitment and antibody response. However, when bearing 10% PEGylation, MLVs induced significantly higher IFN-γ responses than did DRV counterparts. But this effect was dramatically reversed by 25% PEGylation of the vesicles, when the DRV formulation promoted higher IFN-γ responses \[[@bb0355]\]. Previously, this group fabricated the Ag-encapsulated or -adsorbed microspheres with poly(lactide-coglycolide) (PLGA), chitosan and DDA, and showed that whilst the Ags bound to carrier surface favoured humoral responses, the entrapped Ags were more likely to trigger a cellular response \[[@bb0570]\]. By contrast, the work by Jiskoot et al demonstrated that adsorption of influenza HA on the surface of cationic liposomes composed of DC-CHO (dimethylaminoethane carbamoyl CHO)/DPPC was slightly more immunogenic than encapsulation of HA within the carrier, as proved by the induced HA inhibition titer, which was found higher in the former than in the latter \[[@bb0535]\].

Recently, Rincon-Restrepo et al using PPS-PEG (poly(propylene sulfide)-poly(ethylene glycol)), engineered two nanoparticulate systems: small solid NPs (25--40 nm) with Ags linked on surfaces via a reducible disulfide bond, and large hollow polymersomes (HPSs) (150--175 nm) with Ags encapsulated within \[[@bb0575]\]. The authors proved that small NPs preferentially augmented CTLs, as a result of instant cleavage of the disulfide linkage to release Ags in early endosomes, thus rendering Ags lysosome escape for proteasome processing and MHC-I presentation. In contrast, HPSs were better at activating CD4+ T cells, enhancing follicular CD4+ T helper (fTh) cell response to activate follicular B lymphocytes for antibody production. The reason was argued as that the Ags were protectively delivered by HPSs into lysosomes wherein to be released from the oxidative catalysis-disrupted HPSs and thus were subjected to lysosomal process and MHC-II presentation. The authors also revealed that, though HPSs travelled to dLNs at a slower speed than did NPs due to an increased interstitial resistance to larger particles, an equivalent amount of Ags was drained to dLNs after immunization with either carriers at long time point (36 h). However, at early time point (2 h), HPSs were mainly retained in lymphatic sinuses allowing Ags to be sampled by CD11b^+^ DCs, which are residing close to LN cortex and relevant to MHC-II presentation; by contrast, NPs smoothly reached LN paracortical area wherein to be picked up by CD11c^mid^MHC-II^hi^ migratory DCs, which processed Ags via proteasomes for MHC-I presentation \[[@bb0575]\].

In addition, the Ag loading mode and process may exert an influence on the bioactivity of Ags, since encapsulation Ags within liposomes may involve damaging steps to compromise the immunogenicity of vaccines. By contrast, the gentle adsorption process may be accomplished by just mixing of ingredients and possesses a good chance to maintain Ag activities \[[@bb0580]\]. However, Ags adsorbed on a carrier surface may be released at a relatively high rate, leaving a limited time window for APC recruitment, and this may cause inefficient and unsynchronized cellular uptake of Ags and adjuvants to form a population of APCs that are Ag-positive but adjuvant-negative and unable to properly present Ags, as mentioned above \[[@bb0515]\]. Recent studies also reported that whilst encapsulation of Ags within a carrier engendered more efficient lysosomal escape and cross-presentation of Ags in DCs than did absorption on a carrier \[[@bb0585]\], whereas the combination of Ag encapsulation and absorption of Ags with PLGA NPs induced more potent anti-Ag immunoresponses than each mode alone did, due, perhaps, to both adequate initial and persistent Ag exposure \[[@bb0590]\].

However, what is more attractive than proving which is the optimal Ag-loading mode for developing a VADS is the argument that just mixing Ags with a VADS without either encapsulation or adsorption can still boost the immunoresponses, as exemplified by numerous outcomes from both clinical and preclinical studies \[[@bb0595]\]. For examples, as mentioned above, the work by Cui\'s group proved that anionic liposomes also displayed robust adjuvant activity when simply admixed with Ags \[[@bb0420]\]. In fact, the approved vaccines based on a VADS, such as Fluad® based on emulsion MF59, Mosquirix® based on liposome AS01, Shingrix® based on liposome AS01b, and numerous alum-adjuvanted vaccines, are mostly developed just through simple admixing of Ags with a VADS \[[@bb0310]\].

Notably, as for aluminium-based VADSs, the mode of Ag load may represent exceptions, given that upon admixing, the Ags may be strongly adsorbed onto aluminium particles through, likely, the chemical Al---P bonds between aluminium and the phosphorus group that is often enriched in various protein Ags \[[@bb0075],[@bb0600]\]. This suggests that, in designing a VADS, full exploration helps making a decision on the Ag loading mode: encapsulation or adsorption, chemical linkage or other means.

Other impressive findings on Ag load include that some VADSs or adjuvants can be administered separately from the Ag administration while achieving improved vaccination efficacy. For instances, the early work showed that administration of the mineral oil-based O/W emulsion adjuvant Marcol52 one week prior to administration of Ags still triggered effective responses to the Ag. And subcutaneous immunization with the adjuvant Quil A® alone, i.e., without co-injection of any Ags, also significantly expanded the antibody repertoire to the administered Ags \[[@bb0605],[@bb0610]\]. Full activation of the innate immune system beforehand by a VADS or adjuvant may be, possibly, the prerequisite and mechanism for the success of immunization of Ags via separate administration, which is of practical significance in that it may allow the subsequent immunization, even with different vaccines, to leave out the VADS or adjuvant.

### 4.3.5. Ag release and liposome integrity in vivo {#s0060}

Unlike liposomes that are used as a DDS for treating diseases, such as solid tumour and the age-related macular degeneration (AMD), and function via delivering drugs to "actively" target the sick cells or lesions, liposomes as a VADS can take actions through being "passively" targeted by immune cells. This means that a liposome VADS can be captured by immune cells including APCs that are patrolling and searching the alien materials throughout the body while performing their defensive missions. This also means that the Ags delivered by liposomes possess a great chance to be picked up by immune cells, whether they are still carried by the VADS or not. As a result of this, the Ag release or leakage from liposomes seems to make less sense in vaccination and thus, may not receive the concern during the VADS development as enough as that of a DDS does, as reflected by many reports wherein the Ag release test was completely neglected \[[@bb0615], [@bb0620], [@bb0625]\]. Further, this situation may be exacerbated by the notice that the licensed vaccines based on a VADS are functioning to elicit immunity against pathogens without loading Ags to carriers via encapsulation or adsorption. And they are manufactured mostly through admixing Ags with liposomes, or other NPs, even just before immunization, as exemplified by Shingrix® vaccines which are supplied with separated packages of Ag and VADS \[[@bb0630]\].

Despite these facts, the Ag release is still one of the factors that have an important impact on the immunostimulatory activity of a liposome VADS, because rapid release will render Ags not only direct exposure to the tissue fluids which may possibly damage their bioactivities, but also wide cellular uptake by, possibly, the APCs that have not been sensitized by the VADS or adjuvant, thus leading to compromised efficacy of vaccination \[[@bb0515]\]. In addition, certain adjuvants are compounds with a low molecular weight (MW), and incorporation in liposomes or other VADSs can guarantee their co-delivery with Ags to the same population of APCs, while avoiding a systemic distribution and off-target cellular uptake. For example, resiquimod, a small water-soluble agonist of the endosome-located TLR7/8, will rapidly distribute throughout the body after injection in an aqueous solution and, when conjugated to cationic liposomes composed of DDA/TDB, has achieved co-delivery with Ags in mouse models, though this bound combination did not significantly elevate the already strong adjuvanticity of the cationic liposomes \[[@bb0635]\].

Notably, many studies on liposome VADSs have actually reported the Ag release data \[[@bb0075],[@bb0280],[@bb0295],[@bb0305]\], however, the direct relationship between the Ag release features and the induced immunity quality has rarely been elucidated. Moreover, these investigations on Ag release were mostly conducted with in vitro experiments, which can hardly reflect the real profile that liposomes will manifest under in vivo circumstances. In vivo, liposomes will encounter numerous chemicals, proteins and enzymes, which may selectively bind to the carrier, possibly catalyse its components to degrade, and even make the carrier broken. Indeed, many types of liposomes (especially, the cationic ones) designed as a VADS are loaded with Ags via electrostatic attraction, and when injected into the body they are likely to be neutralized to lose the carried cargos. In studies relevant to the in vivo characteristics, fluorescent materials are often employed as a label for tracking the behaviour of liposomes in the body \[[@bb0640]\]. However, this hardly provides a strong evidence to verify the carrier integrity, since fluorescent materials may aggregate to emit light even after carrier collapse. It should be pointed out that even the theoretical analyses sound reasonable, the experimental data on the in vivo characteristics of carriers are yet in shortage and are needed to provide a solid support for the rational design of liposome VADSs.

### 4.3.6. Vaccination route {#s0065}

Liposomes as a versatile VADS suit various immunization routes, including mainly four ways: injection (such as intramuscular, intradermal, subcutaneous, intraperitoneal and intravenous injection), topical administration (such as cutaneous and mucosal administration); oral uptake \[[@bb0150]\], and inhalation \[[@bb0645]\]. Three reasons drive researchers to explore different immunization routes: satisfying dosage form requirement; offering convenient administration; and, most importantly, improving efficacy. Usually, vaccination is performed through administering to three sites: muscle, mucosa and skin; however, recently, intravenous injection (i.v.), by mimicking natural transmission process, such as insect bite, is also trialled for immunization of certain vaccines against some special pathogens, such as *Plasmodium falciparum* (Pf), which is a mosquito-borne parasite causing malady of malaria through direct entering blood of hosts \[[@bb0650]\].

The early work by Nussenzweig et al proved that defensive immunity to the pre-erythrocytic phases of *Plasmodium berghei* (Pb), which causes malaria in certain rodents, could be achieved through immunization by repeated intravenous injection of the X-ray irradiated Pb sporozoites (Pb-SPZ). This early research is of great significance since it primarily paved the way for the development of anti-malaria vaccines \[[@bb0655]\]. Advancing this technique, researchers recently engineered a novel malaria vaccine composed of the radiation-attenuated, metabolically active PfSPZ. When given to nonhuman primates via i.v. immunization, but not s.c. (subcutaneous), the vaccine triggered strong and durable anti-PfSPZ T cell reactions in peripheral blood, and even more potent in liver, which is the prospective site of immune protection, suggesting i.v. administration an optimal immunization route for the PfSPZ vaccine \[[@bb0650]\].

Recent work by Schmidt et al confirmed that i.p. (intraperitoneal) immunization provoked drainage of vaccine to the dLNs, wherein to activate the resident CD8α + DCs for Ag cross presentation, a prerequisite for induction of CTL responses. By comparison, s.c. (subcutaneous) or i.m. (intramuscular) immunization initiated formation of a vaccine depot at administration site, which may hamper the approach of vaccines to CD8α + DCs \[[@bb0660]\]. Also, Wang\'s group showed that administration of a multifunctional liposome VADS with microneedle arrays (MAs) to mouse oral cavity mucosa induced robust immunity in oral and gastrointestinal mucosa, favouring prophylaxis of pathogens transmitted via ingesting route \[[@bb0300]\]. By comparison, when a similar liposome VADS delivered by MAs were administered to mice via vaginal mucosa, it elicited strong immunity in reproductive duct and intestinal lumen, which is of peculiar significance for defending against sexually transmitted infections \[[@bb0140]\]. More recently, Fox et al. developed LecA Ag-loaded PEGylated liposomes containing two TLRas: GLA (TLR4a) and 3 M-052 (TLR7/8a), which after administered intranasally to mice elicited efficiently both intestinal mucosal and Th1 responses. Compared to s.c. administration, intranasal vaccination induced mice to produce elevated levels of fecal IgA, serum IgG2a, IFN-γ and IL-17A, and finally provided \>80% protection of mice from disease challenge \[[@bb0665]\]. Therefore, immunization route, in addition to the physicochemical and immunological characteristics of a VADS, also plays a key role in eliciting the protective immunity, especially, in mucosa, whereby most pathogens preferentially invade the host.

Taken together, the physicochemical properties of liposomes have a significant influence on the adjuvant and delivery efficacy of the VADS. The crucial influencing parameters include membrane fluidity, surface charge and PEGylation, as well as physical size, each of which plays an individual role in modulating the biological behaviours of the VADS, but mutually influences each other, ultimately providing a collective effect on the immunostimulatory activity. Thus, a liposome VADS may show a depot effect, targeted biodistribution and specific intracellular trafficking, which act in combination to dictate the outcomes of the adaptive immunoresponses. As a result, liposome formulations should be optimized with full consideration on the vast array of lipids and combinations, vesicle structures, and their physicochemical characteristics. These issues may well be regarded as a multi-factorial impact and should be optimally combined in constituting an effective VADS, which is capable of not only delivering Ags but also promoting APC activation and its interaction with the downstream immunocytes to elicit the desired immunity. Though some NPs exemplified here are, in a strict sense, not liposomes, it is known that despite of the carrier type, it is the size, structure, surface properties, and Ag release feature that are the main decisive factors that define the function of a VADS. Therefore, their investigation outcomes and conclusions may provide a useful reference to developing a liposome VADS as well \[[@bb0135]\].

5. The state-of-the-art liposome VADS {#s0070}
=====================================

5.1. Designing a liposome VADS based on immune system features {#s0075}
--------------------------------------------------------------

The ultimate goal of developing a VADS is to make a vaccine able to trigger the immune system to establish potent immunity that can prevent pathogen infection, erase the invaded pathogens, or cure harmful lesions \[[@bb0140]\]. As discussed above, modulation of liposomes on their physicochemical properties such as size and surface charge, can also improve their immunostimulatory effects \[[@bb0135]\]. However, in more cases, liposomes are specifically engineered in a certain way to engender special functions enabling them to efficiently activate host immune system. Vertebrate immune system according to its function includes two subtypes: the innate immune system, with NK (natural killer) cells, monocytes and, especially, APCs (MPs and DCs) as the main participants; and the adaptive immune system, with T and B cells as the main participants \[[@bb0670]\]. Whilst the adaptive immune system has evolved for around 500 million years and is confined to vertebrates, the innate immune system has been established for a much longer time and acts as the main defensive strategy among vertebrates, invertebrates, as well as in plants, under modulation by rather conserved mechanisms \[[@bb0675]\]. Innate immune system plays an important role in constructing the anti-pathogen immunity, because its activation is a precursor and prerequisite to sponsoring the Ag-specific adaptive immunoresponses. Therefore, innate immunoresponses usually occur in advance upon detection of the PAMPs/DAMPs via various PRRs, such as TLRs, CLRs, RLRs and NLRs, commonly expressed on immunocytes, especially, APCs. Notably, these PRRs are providing a collection of targets for designing a VADS to boost immunoresponses toward Ags and thus are now widely employed for engineering functional liposomes, and also other NPs, as a vaccine carrier \[[@bb0680]\].

At molecular level, liposomes are frequently engineered as a VADS bearing PRRas (PRR agonists) so that they can efficiently target and activate APCs through triggering proinflammatory transcription factors, such as NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), CREB (cyclic AMP-responsive element-binding protein), AP1 (activator protein 1), IRF3 (IFN-regulatory factor 3) and IRF7, to secret cytokines and chemokines beneficial for promoting innate and adaptive immunoresponses \[[@bb0685]\]. Other than PRRas, bioactive molecules that have a high affinity to a distinct biomarker on APCs\' surface, such as CD47 (clusters of differentiation 47), have also been explored to modify liposomes or other NPs to constitute a targeting VADS for eliciting potent immunity \[[@bb0690]\].

In practice, as a VADS, liposomes are often designed to target, through depot recruiting or bio-adhesive effects, the sentinel APCs scattered affluently in the superficial tissues such as skin and mucosa. Moreover, liposomes are also engineered to target the secondary lymphoid organ immunocytes, such as DCs, MPs, FDCs (follicular DCs) as well as FBCs (follicular B cells), which are densely clustered within the compartmentalized dLNs or spleen, through PEGylation and size reduction to generate stealth effects to tissue components \[[@bb0695]\].

Another strategy to improve the immnunostimulatory function of a liposome VADS involves rendering the carrier the ability of engendering lysosome escape, which allows the delivered Ags to avoid the endolysosome degradation. Lysosomal degradation proves a common pathway whereby APCs process the internalized NP-carried Ags into small, but often useless, fragments, and thus may cause compromised vaccination. In contrast, Ags that have successfully managed lysosome escape will enter the cytoplasm and may be handled, like endogenous Ags, by proteasomes to generate a number of epitopes that tend to adhere to MHC-I for presentation, favouring establishing cellular immunity \[[@bb0070],[@bb0140]\].

5.2. Liposomes engineered with functional materials for constructing a VADS {#s0080}
---------------------------------------------------------------------------

Liposomes are known to possess the lipid bilayer membranes, which, despite bearing the intrinsic instability as a negative factor for developing a clinical product, are beneficially providing a unique structure to admit diverse modifications with functional materials in different modes, such as surface adsorption, conjugating, encapsulation or intercalation within lipid bilayers, rendering liposomes a multifunctional VADS \[[@bb0090]\]. As such, liposomes may be engineered in certain ways to possess special functions that are able to intervene some intracellular processes improving the efficacy of the delivered vaccines \[[@bb0140]\]. For example, liposomes are frequently engineered with the materials that have the intrinsic or specific adjuvanticity, such as squalene, saponin (e.g., water soluble QS-21), as well as various TLRas (e.g., MPLA and CpG ODN), to boost immunoresponses \[[@bb0025]\]. Liposomes as a VADS attract research interests thanks to their distinct immuneostimulatory functions, which may be summarized as follows. (1) They can rapidly activate innate immune system which may ultimately translate to robust humoral and cellular immunity against pathogens. (2) They can induce a broad spectrum of adaptive immunity providing protective defence against pathogens of heterovariants. For example, vaccines carried by a MPLA-incorporating liposomes could effectively protect the host from invasion by the strains of influenza or human papillomavirus (HPV) bearing antigenic components not yet included in the products \[[@bb0700]\]. (3) They can boost immunoresponses and efficacy of vaccination in certain special recipients, such as infants, feeble patients and the elderly, who have an incomplete or weakened immune system. Examples include the marketed products that are formulated with MPLA, CpG ODN and/or QS-21 and can protect these populations against HBV, influenza, or herpes zoster virus \[[@bb0705]\]. These advantages, together with feasibility of large-scale production, and long records of high safety profile, will pave the way for engineering the advanced liposome VADSs for conquering many devastating pathogens.

To develop a functional mucosal VADS, Wang\'s group prepared the mannosylated and MPLA-modified liposomes (MMLs) and stealth MPLA-modified liposomes (SMLs), which were fabricated together into the so-called proSMMA (proSML/MLL-constituted microneedle array) ([Fig. 7](#f0035){ref-type="fig"} ) \[[@bb0140]\]. Vaginal administration of proSMMA to mice by mucosal patching elicited robust anti-Ag humoral as well as cellular immunity at both systemic and mucosal levels, especially, in the reproductive and intestinal tissues. Deep dissection disclosed that the novel VADS engendered the liposome-carried Ags to be phagocytosed by both mucosal and dLN-resident APCs and, thereafter, be substantially cross-presented for MHC-I exposure as a result of lysosome escape and ROS (reactive oxygen species) irritation, which were caused by the functional liposomes, leading to establishing the ultimate comprehensive and intensive immunity. These results proved that liposomes are such a versatile carrier that can be incorporated with the immune-boosting molecules, and they can be further fabricated into the administration-fitted device, like a microneedle array, to form the multifunctional VADS, which is able to elicit strong immunity at mucosa to set up the first line of defence against pathogens \[[@bb0135]\].Fig. 7Schematic of proSMMA designed as a robust mucosal VADS consisting of a mixture of 50 nm stealth MPLA-liposomes and mannosylated MPLA-liposomes fabricated into a microneedle array.Fig. 7

Recently, Karmakar et al. made the L-rhamnose (Rha) epitope-anchored liposomes conjugated with the synthetic TLR2a Pam3Cys-linked glycopeptide Ags derived from MUC1, which is a mucin overexpressed on several types of cancers, and had been engineered to contain a GalNAcα1-Ser/Thr segment to have the immunogenic peptide epitopes exposed to immune system ([Fig. 8](#f0040){ref-type="fig"} ) \[[@bb0710]\]. In vivo experiments demonstrated that, administered to the Rha-preimmunized C57BL/6 mice, the Rha epitope- and Ag-anchored liposomes remarkably enhanced production of the MUC1-specific CTLs as well as Abs. In particular, this kind of anti-MUC1 Abs might possess a big potential to bind to and kill tumour cells through ADCC (Ab dependent cell-mediated cytotoxicity) via FcγRs (Fcγ receptors) expressed on certain myeloid cells, such as NK cells, MPs, neutrophils and eosinophils \[[@bb0715]\]. Further, the authors showed that in vivo Rha-modified liposomes were bound by anti-Rha Abs to form the immune complexes, which facilitated APC uptake and (cross) presentation of MUC1 Ags. These results suggest the possibility of using a liposome VADS to enhance APC cross presentation of Ag epitopes on MHC-I through Ab-mediated phagocytosis via formation of anti--Rha--FcR (Fc receptor) ([Fig. 8](#f0040){ref-type="fig"}), which occurs owing to the presence of natural anti-Rha Abs. Notably, in humans the natural anti-Rha Abs exist abundantly as IgM and IgG2 (IgG3 in mice) \[[@bb0720]\], which generally bind poorly to FcγR and thus, will exert trivial inhibitory effects on the ADCC-based anticancer activities.Fig. 8Schematic structure the VADS constructed with the Rha epitope-anchored liposomes loaded with Pam3Cys-linked MUC1 glycopeptide Ags, and the principle underlying the immunostimulatory action of the VADS. Reprinted with permission from Reference \[[@bb0710]\].Fig. 8

It is desirable to make a VADS that can be used to temporally monitor the immunoresponses including the activity and state of immune cell populations residing within tissues, meanwhile it can well perform immunization process. This concept of a VADS is of significance with regard to several issues involved in vaccination, such as immune reaction supervision, efficacy evaluation, regime regulation, and immunization compliance. Recently, Irvine\'s group created a novel VADS bearing such a concept and fabricated with poly-l-lactide-constructed microneedle array (MA), of which microneedle projections were coated with a mixture of the Ag/CpG (an adjuvant of TLR9a)-loaded liposomes (interbilayer cross-linked multilamellar vesicles, ICMVs) and the Ca^2+^ cross-linked alginate polymers, to form the stimulatory sampling microneedles (SSMNs) \[[@bb0725]\]. After insertion into skin, SSMN polymers swelled due to hydration into a porous matrix capable of longitudinal sampling of the interstitial fluid and the infiltrated local leukocytes, enabling parallel monitoring of immune reactions while causing trivial injury ([Fig. 9](#f0045){ref-type="fig"} ). In mice, even after the anti-Ag T cells in systemic circulation could not be detected by conventional protocol, SSMNs still successfully sampled the tissue-resident memory T cells in the skin, while exerting no influence on the immune status of naïve or antigen-exposed animal models. Could this liposome-constructed SSMNs be successfully adapted to accomplish the vaccination regime while temporally monitoring immunocytes and collecting immunological information from the skin and mucosal tissues in a non-invasive manner, would it represent a superior functional VADS.Fig. 9Schematic of description of preparation of SSMNs (stimulatory sampling microneedles) for inducing and monitoring immunoresponses. (A) Schematic of structure of a SSMN and its action mechanism. (B) Microneedle engineering process. PLLy, poly-l-lysine; PDMS, polydimethylsiloxane. Partially reprinted with permission from Reference \[[@bb0725]\].Fig. 9

In summary, the immune system of mammals is equipped with numerous competent components, such as various leukocytes and their subsets, cell receptors, cytokines, chemokines and compliments, which are tightly linked into a complex integrity. These components orchestrate exquisitely to fulfil the defensive functions and are also providing multiple targets for designing functional liposomes as a VADS. Modulation of each of the individual components may significantly affect the whole community of signalling pathways that are involved in immunoresponses or other biological processes. It also proves feasible to have multiple immune components targeted simultaneously by multifunctional liposomes customized as a VADS able to effectively boost the immunity against pathogens.

6. Liposome VADS-based vaccines in clinical immunization {#s0085}
========================================================

Liposomes are a suitable API (active pharmaceutical ingredient) carrier possessing numerous advantages, including easy and large-scale preparation, as mentioned above. However, it took a rather long time to make the first drug-loaded liposomes ever come out as a clinical product. This is a bit of discouraging and far beyond the commitment of some liposome scientists, especially, in the middle of 1980s, when some researchers even doubted the feasibility of liposome DDS \[[@bb0730]\]. Fortunately, just at that time, certain liposome-based cosmetic products were successfully brought to markets by several giant fashion-focused companies. It was hopeful and never helpless for pharmaceutical scientists to see that the first batch of liposomal products were flamboyantly marketed as an anti--aging cream with an exaggerated name of 'Capture' introduced by Dior in 1986, followed immediately by 'Niosome' marketed in 1987 by Lancome, a L\'Oreal company \[[@bb0735]\]. Encouraged by this, combined with great achievements in optimization of liposome formulations, such as control of vesicle size, and lyophilisation of stable dry products with disaccharides as a lyoprotectant, scientists eventually brought to European markets in 1990 the first therapeutic liposomal product, Ambisome®. It is amphotericin B-loaded SUVs with the optimized formulation of HSPC/CHO/DSPG/amphotericin B (5:2.5:2:1, mole ratio) and a size of around 40 nm, and was later authorized in USA in 1997, to treat systemic fungal infections and certain protozoan infections such as visceral leishmaniasis and primary amoebic meningoencephalitis \[[@bb0740],[@bb0745]\]. Meanwhile, two breakthrough techniques, remote loading drugs into liposomes and PEGylation of liposome surfaces, were achieved and matured to clear, in the development of liposomal products, the longstanding crucial barriers, including poor encapsulation of drugs, instability of an aqueous suspension of liposomes, and very short circulation time of in vivo liposomes due to rapid removal conducted by mononuclear phagocytic system (MPS) after systemic injection. As a consequence of these achievements, the first anticancer liposomal drug Doxil®, which is the Stealth® (pegylated) liposomes composed of HSPC/CHO/DSPE-mPEG~2000~ (3:1:1, mass ratio), having a size of about 100 nm, and loaded by ammonium sulfate-gradient procedure with doxorubicin (total lipid/drug = 8:1, mass ratio), came ultimately into markets after final approval by FDA in 1995 for the treatment of AIDS-related Kaposi\'s sarcoma, and later expanded for therapy of ovarian cancer in 1999, and for multiple myeloma in 2007 \[[@bb0360]\].

Up to now (April 16, 2019) there are, world-widely, \>22 liposomal products that have ever entered markets for treatment of various diseases, including infections, pains, and mostly tumours, as listed in [Table 1](#t0005){ref-type="table"} . Notably, 5 among these approved liposomal products are just the liposome VADS-based vaccines that have been authorized for prophylaxis of pathogenic infections in healthy populations \[[@bb0750]\]. Epaxal and Inflexal are administered intramuscularly for defending against hepatitis A virus and seasonal influenza virus, respectively \[[@bb0755]\]. Nasalflu is given uniquely by intranasal spray against also influenza virus, but was, unfortunately, withdrawn from markets shortly after its approval due to causing Bell\'s palsy (facial paralysis) in some recipients \[[@bb0760]\]. Other approved liposome vaccines are well introduced elsewhere \[[@bb0025],[@bb0310]\], and herein, the newly authorized vaccine Shingrix® is presented with a bit of detail.Table 1Marketed liposomal products[a](#tf0005){ref-type="table-fn"}.Table 1Product (manufacturer)DrugIndicationsYear approved[b](#tf0010){ref-type="table-fn"}AmBisome (Gilead)Amphotericin BFungal infections and Leishmaniasis1990 (Europe), 1997 (USA)Doxil (Johnson&Johnson)DoxorubicinKaposi\'s sarcoma1995Ovarian cancer1999Breast Cancer2003Multiple myeloma + Velcade2007 (Europe, Canada)DaunoXome (Galen)DaunorubicinKaposi\'s sarcoma1996 (Europe), 1996 (USA)Myocet (Cephalon)DoxorubicinBreast cancer+cyclophosphamide2000 (Europe)Epaxal (Crucell, Switzerland)VirosomeHepatitis A virus1994 (Europe)Inflexal (Crucell, Switzerland)VirosomeInfluenza virus1997 (Europe)NasalfluVirosomeInfluenza virus (Intranasal application)2000 (Europe, withdrawn in 2001)Amphotec (Intermune)Amphotericin BInvasive aspergillosis1996Abelcet (Enzon)Amphotericin BAspergillosis1995Visudyne (QLT)VerteporphinWet macular degeneration2000 (USA), 2003 (Japan)DepoDur (Pacira)Morphine sulfatePain following surgery2004DepoCyt (Pacira)Cytosine ArabinosideLymphomatous or Neoplastic meningitis1999Exparel (Pacira)BupivacainePost-surgical pain2011Lipo-Dox (TLC, Taiwan)DoxorubicinKaposi\'s sarcoma, breast and ovarian cancer2002 (Taiwan)Lipusu (Luye Pharma, China)PaclitaxelOvarian cancer2003 (China)Breast cancerNon-small cell lung cancer (NSCLC)Mepact (Takeda)Muramyl tripeptide-PENonmetastatic, resectable osteosarcoma2009 (Europe)Marqibo (Talon)VincristineAcute lymphoblastic leukemia2012Onivyde (Merrimack)IrinotecanPancreatic cancer2015Vyxeos (Jazz/Celator)Ara-C/DNR (5:1)Acute myeloid leukemia (AML)2017Mosquirix (GlaxoSmithKline)HBsAg-VLP/MPLA/CSPMalaria2015Shringrix (GlaxoSmithKline)MPLA/QS21/gEShingles2017Onpattro (Alnylam)siRNAPolyneuropathy (Hereditary transthyretin amyloidosis)2018[^1][^2]

Shingrix® is the state-of-the-art liposome VADS-based novel subunit vaccine developed by pharmaceutical giant GSK (GlaxoSmithKline) and was approved in October 2017 by US FDA for prophylaxis in the elderly aged 50 years and older of shingles (or herpes zoster, HZ). Shingles is caused by reactivation of the dormant DNA VZV (varicella zoster virus, a member of the herpesvirus family) that has resided in sensory dorsal root ganglia after its first infection of hosts, likely, causing relatively mild varicella (also called chickenpox) ([Fig. 10](#f0050){ref-type="fig"} ) \[[@bb0310]\]. The primary infection triggers response to VZV leading to the release of antiviral cytokines and activation of NK cells usually able to control viral replication in the mucosa. Also, the primary infection stimulates the hosts to establish the adaptive and memory immunity forming persistence of anti-VZV IgG and VZV-specific CD4+ T cells and, particularly, CD8+ CTLs. This kind of immunity correlates best with the severity of primary infection and preventing reactivation of latent VZV residing in ganglionic cells, but, unfortunately, naturally wanes over time, allowing possible occurrence of shingles in late life \[[@bb0765]\]. Shingles may be caused by risk factors including old age, weakened cellular immunity, illness, female gender, genetic susceptibility, mechanical trauma, recent psychological stress and white race. Shingles usually manifests the prodrome of acute neuralgia for 2--100 days preceding the rash, accompanied by potentially devastating complications of secondary bacterial infection and sepsis, meningoencephalitis, visual and hearing impairment \[[@bb0770]\].Fig. 10Structure of VZV virus and anatomy of sensory dorsal root ganglia, where VZV (varicella zoster virus) reside silently after primary infection. Reprinted with permission from ViralZone (Source: ViralZone: [www.expasy.org/viralzone](http://www.expasy.org/viralzone){#ir0005}, SIB Swiss Institute of Bioinformatics).Fig. 10

In fact, in 2006 a live-attenuated vaccine Zostavax® for HZ was already licensed to Merck/Sanofi Pasteur for adults over 50 years of age at the price of \$100--200 for a single dose regime, which can effectively reduce the incidence and complications of shingles. However, the vaccine efficacy decreases rapidly with time and the incidence of shingles may return to around baseline levels around year 8 post vaccination. Moreover, there are certain contra-indications to the live-attenuated microbe-based vaccines, e.g., in VZV naive or immunosuppressed patients, the vaccination may cause diseases \[[@bb0775]\]. This suggests that it is desirable to develop an alternative that should be a subunit vaccine with a good safety profile and high efficacy. And these issues represent the guidance and impetus to the design and development of novel vaccines against shingles, and thus comes Shingrix®.

Shingrix® is an anti-HZ subunit vaccine based on a liposome VADS and is provided with two parts: AS01b as the VADS, and the freeze-dried powder of recombinant VZV glycoprotein E (gE) as the Ag. AS01b is a VADS consisting of an aqueous suspension of DOPC/CHO/MPLA liposomes with a size of 50--100 nm \[[@bb0780]\] bound by QS21 to liposome CHO ([Fig. 11](#f0055){ref-type="fig"} ) \[[@bb0785]\]. The Ag of gE is the most abundant glycoprotein on both VZV virions and cells infected with VZV and plays a crucial role in virus replication and cell-to-cell spread, while it can elicit a greater immune response than other glycoprotein antigens \[[@bb0790]\]. The accomplished clinical trials confirmed that the vaccine efficacy to prevent the development of shingles for up to 4 years follow up was 97% overall in subjects older than 50 years of age, and around 90% in participants older than 70 years old. More importantly, the anti-Ag response appears preserved with age since protective efficacy waned minimally over 4 years and was well maintained in adults aged over 70 years \[[@bb0795]\]. The rational design of Shingrix® can be attributed to several aspects: the strong background study results in the right choice of the proper Ag of gE; the component QS21 guarantees effective activation of innate immunoresponses, while MPLA-liposomes direct the response toward Th1 pathway via triggering TLR4 leading to robust cellular immunity, and the liposome VADS has a high stability \[[@bb0800]\].Fig. 11Schematic description of AS01b which is a liposome-based VADS. It is used for boosting the efficacy of a subunit vaccine, Shingrix®, against VZV (varicella zoster virus), which contains the Ag of gE. Reprinted with a little adaption with permission from Reference \[[@bb0785]\].Unlabelled Image

The significance of success of Shingrix® to the both vaccine and liposome fields lies in that it firmly demonstrates that a subunit vaccine not only possesses a good safety profile but also has the potential to elicit the anti-pathogen immunity stronger than that by the whole microbe-based traditional vaccines, as long as it is rationally formulated as a suitable VADS based on an appropriate nanocarrier, such as, liposomes.

7. Perspectives {#s0090}
===============

After decades of development, liposomes have now been successfully employed as a DDS or VADS for various clinical therapies, focusing mainly on treatment of cancer and vaccination against infectious disease, as listed in [Table 1](#t0005){ref-type="table"}. In particular, liposomes as a VADS can be easily decorated with various immune-boosting molecules and are thus capable of remarkably improving the efficacy of a subunit vaccine \[[@bb0805]\], such as Shingrix®, even to surpass the conventional whole microbe-based vaccines, which are always concerned with reversion of virulence to cause severe complications \[[@bb0235]\].

VADSs based on other micro−/nanoparticles, such as metal (gold, silver, iron) NPs, inorganic (silica) NPs and polymeric NPs, though have also showed a few advantages over conventional formulations in fulfilling functions of delivery and adjuvant, are mostly in early development \[[@bb0670]\]. An emulsion-based VADS, MF59, approved to Novartis for delivery of influenza vaccines, is a defined formulation consisting of o/w emulsion of squalene/Span85 /Tween80/water \[[@bb0810]\], which was later reformulated by GSK as an emulsion of squalene/α-tocopherol/Tween 80/water, known as AS03 \[[@bb0630]\]. However, unlike liposomes, emulsions are in fact a very fragile carrier having a limited capacity to allow surface modification with functional materials, such as targeting molecules, to form a diverse VADS for delivering subunit vaccines. Alum is another strong VADS that has been used for nearly a century in enhancing antibody immunity \[[@bb0250]\]; unfortunately, it often fails in eliciting an effective cellular immunity while showing drawback of reactogenicity associated with unwanted inflammatory side effects. Moreover, alum is not always providing a shelter to labile ingredients but may undermine the quaternary or tertiary structure of proteins due to its potent phosphophilicity exerting strong binding to protein phosphorus groups \[[@bb0815]\]. By contrast, liposomes can be easily engineered to possess beneficial features of an effective VADS in delivery of Ags, while showing good biocompatibility and minimal side effects.

In prospect, liposomes may be further formulated into an advanced VADS that is suitable for developing the efficacious vaccines to combat many tedious pathogens, especially, some most challenging ones, such as HIV, HCV, HSV, and even the emerging super bugs \[[@bb0820],[@bb0825]\]. For this, in future, liposomes may be developed to play roles of a versatile VADS that can mimic the way whereby the Ags are maintained and exposed to APCs by a pathogen during a natural infection to trigger strong immunoresponses \[[@bb0830]\]. Achieving this requires liposomes in structure to keep the Ags natural for presentation through, possibly, embedding with multiple copies of the same peptide Ags, while rendering Ags resistance to environmental violation. Other aspects that may be emphasized to improve the immunostimulatory function of liposomes may involve: acting as a depot to increase the exposure time of Ags to immune cells and enhance APC uptake of vaccines; targeting immunocytes or lymph nodes to save Ags; fitting mucosal vaccination to set up both systemic and mucosal immunity; rendering Ags lysosome escape to facilitate cross-presentation of Ags via MHC-I presentation to establish cellular immunity for erasing cell-hidden pathogens or tumour cells \[[@bb0265]\]. Notably, some functions such as engendering lysosome escape, enhancing Ag cross presentation, and controlling immunological expression in a specific pathway, can hardly be obtained unless the related intracellular biological features are fully understood and able to be explored to test the activity of a VADS that is tailored with the corresponding functions, such as response to environmental stimulus, sensing of physiological factor, and targeting intracellular structures \[[@bb0835]\].

Also, numerous questions still remain open with regard to the development of a liposome VADS for producing clinical products. A few opening questions may be listed here to call on attention and considerations from researchers who are committed to making liposome vaccines. Also, a list of common issues still exists there as the bottleneck in translation of the laboratory work on liposome VADS into the clinical application, while often being ignored by researchers.

First, safety should be put forward in the front of the rank, given novel liposomes incorporating synthetic materials may possibly generate the potential cytotoxicity in vivo. Moreover, most of novel liposome VADSs do not have a (long) record of a safety profile in even animal models, let alone human use, leaving an open question on toxicity to be fully addressed before their acceptance as an alternative method for delivering novel human vaccines \[[@bb0835]\].

Second, stability is another outstanding concern, considering liposomes as a colloidal system, though have been conquered of aggregation instability by PEGylation and lyophilization, are often customized with functional materials, especially the environment-sensitive ones, which render the carrier unendurable to a long-term storage.

Third, scale-up production of the liposomes that are subjected to several levels of modification is of practical difficulty, because the complexed procedure with too many steps may make inconsistency in batch-to-batch production. Meanwhile, modification with the expensive materials may enhance the production cost to a completely unacceptable level, representing another problem.

Fourth, translation of the efficacy of novel liposome VADS from animal studies to human trials confronts also many obstacles. At present, various types of the liposome VADSs have been elaborately designed and presented with promising outcomes of immune-boosting activities in, unfortunately, just murine and other small animal models, which may be yet the inappropriate one for a specific vaccine \[[@bb0130]\]. In most cases, it is yet impractical to directly interpret the results from such studies as documented only in rodents to a clinical reference, whereas solid conclusions drawn from investigations using different animal models, such as pigs, rhesus monkeys, and even chimpanzees, are often lacking in studying a novel liposome VADS.

Fifth, the prevalence of low reproducibility of the currently published outcomes, especially, in drug development field \[[@bb0840]\], resulted from the inappropriate designs with little practical rationality combined with the positive result-oriented publishing bias and the misconception of "research for publication" \[[@bb0845]\], sets up also a huge barrier to translation of bench work to bed therapy. Notably, the unreproducible results not only cause a substantial waste of valuable resources but also badly discourage industrial partners to devote to translation of the findings by researchers from the academia circle \[[@bb0850]\]. Although the reproducibility of the published results on liposome VADSs remains unclear, the reality can hardly be optimistic based on the disappointed outcomes from such investigations as performed in drug development and other fields. This concern is also indirectly reflected by the professional comments on certain publications complaining the difficulty in interpreting the reported results and also by the disturbance arising from the observations in contradiction to the printed outcomes \[[@bb0855],[@bb0860]\]. Obviously, these are a kind of "side effects" arising from the development of vaccines, even when they are based on a liposome VADS claimed of high safety profiles.

8. Conclusions {#s0095}
==============

Liposomes are now still extensively employed as an efficient carrier for delivering vaccines owing to their beneficial properties, such as high safety, big loading capacity, and easy preparation and decoration to engender multiple functions. In particular, when incorporated with functional molecules, such as ligands to TLRs and adjuvanticity-bearing chemicals, liposomes can actually act as a versatile VADS to greatly enhance the immunity induced by the carried vaccines. As researchers continuously commit their efforts to developing optimal formulations combined with the emergence of novel materials, and the inspiration of deep understanding of the processes involved in the immunological reactions triggered by vaccination, numerous problems and barriers to developing functional liposome VADSs will be handled. As a result, many novel vaccines that are based on a liposome VADS will eventually be produced for clinical immunization to conquer a variety of the life-threatening diseases.
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[^1]: World-widely, there are also several approved generic liposome products, and they are not listed here owing to lack of novelty.

[^2]: The product was licensed in USA unless an annotation indicates where it was.
